The dynein motor protein complex is required for retrograde transport of vesicular cargo and for transport of aggregated proteins along microtubules for processing and degradation at perinuclear aggresomes. Disruption of this process leads to dysfunctional endosome accumulation and increased protein aggregation in the cell cytoplasm, both pathological features of neurodegenerative diseases. However, the exact mechanism of dynein functionality in these pathways is still being elucidated. Here, we show that the scaffolding protein SQSTM1 directly interacts with dynein through a previously unidentified dynein-binding site. This interaction is independent of HDAC6, a known interacting protein of both SQSTM1 and dynein. However, knockdown of HDAC6 increases the interaction of SQSTM1 with dynein, indicating a possible competitive interaction. Using different dynein cargoes, we show that SQSTM1 is required for proper dynein motility and trafficking along microtubules. Based on our results, we propose a new model of competitive interaction between SQSTM1 and HDAC6 with dynein. In this model, SQSTM1 would not only affect the association of polyubiquitylated protein aggregates and endosomes with dynein, but would also be required for normal dynein function.
INTRODUCTION
Dynein is the major molecular motor for retrograde movement of cargoes, such as mitochondria, organelles and misfolded proteins, along the microtubule. Cytoplasmic dynein is a large protein complex containing heavy (DHC), intermediate (DIC) and light chains (DLC) (Paschal et al., 1987; King et al., 1998) . Dynein binds to microtubules through dimerization of its two heavy chains, which also contain its ATP-binding activity. ATP is hydrolyzed in the globular heads of the intact motor to provide energy for dynein processivity. The tail domain of the heavy chains interacts with multiple intermediate and light chains, forming the cargo-binding complex. The association of dynein with many membrane cargos or target sites requires the accessory dynactin protein complex (Vallee et al., 2004) . The dynactin complex has been shown to interact with dynein through DICs and the dynactin subunit p150 glued (also known as DCTN1) in a manner that is crucial for dynein function. p150 glued itself contains a microtubule-binding site, providing an additional microtubule contact for the motor protein complex. Dynactin has been reported to be required for cargo binding to dynein (Karki and Holzbaur, 1995; Schroer, 2004) and has also been reported to increase the processivity of the ATPase activity of dynein, allowing movement of cargoes along the microtubule (Vaughan and Vallee, 1995; Boylan et al., 2000) .
Dynein is involved with a wide array of cellular processes, from regulating the spindle assembly checkpoint to localization of mRNAs (Vallee et al., 2004) . Dynein is also associated with a number of disease processes, including viral transport, failure of neuron migration and axonemal disorders, such as ciliary dyskinesias (Dodding and May, 2011; Vallee et al., 2004; Hafezparast et al., 2003) . However, the best-documented function of dynein is its role in retrograde transport of membranous organelles within neuronal cells (Schroer et al., 1989; Schnapp and Reese, 1989) . Dynein is required in the maintenance of microtubules (Asthana et al., 2012) and is involved in lysosomal (Lin and Collins, 1992) and endosomal vesicular transport mechanisms (Aniento et al., 1993) . Autophagosomal movement within the cell for efficient lysosomal encounters is also dependent on the dynein-dynactin motor complex (Kimura et al., 2008) . Because lysosomes are located predominantly in the cytoplasm of the cell, a functional dynein transport system is essential for delivery of late endosomal cargo to the perinuclear region. This transport is required for fusion of endosomes with lysosomes for efficient degradation of internalized material (Cai et al., 2010) . Recently, dynein has also been implicated in the clearance of misfolded and aggregated proteins where mutations, resulting in decreased dynein functionality, cause increased aggregate formation and impairment of the autophagic clearance of aggregated proteins (Ravikumar et al., 2005) .
Increased protein aggregation is one of the most salient pathological hallmarks of neurodegenerative diseases. Disruption of motor-protein function and transport in the cell results in defective disposal of aggregation-prone proteins and increased aggregate formation, likely leading to neurodegeneration (Chevalier-Larsen and Holzbaur, 2006; De Vos et al., 2008) . These cellular aggregates have been shown to consist of numerous ubiquitylated proteins that can no longer be efficiently disposed of by either the ubiquitin-proteasome system (UPS) or autophagic pathways (Johnston et al., 1998) . Aggregated proteins can form inclusion bodies directly through self-assembly of non-native monomers. Alternatively, these oligomeric proteins seed throughout the cytoplasm and grow into small aggregates, which are subsequently delivered through dynein-mediated retrograde transport on microtubules to the microtubule-organizing center (MTOC) . Once located at the MTOC, these juxtanuclear protein deposits are termed aggresomes (Kopito, 2000) . It is generally accepted that aggresome formation is a protective cellular response for segregating misfolded proteins from the cytoplasmic environment and enhancing the degradation of these toxic protein aggregates (Kawaguchi et al., 2003; Hideshima et al., 2005) . Disruption of the microtubule network or dynein motor function prevents aggresome formation, leading to the appearance of dispersed foci of misfolded protein aggregates throughout the cytoplasm (García-Mata et al., 1999) . Disruption of either autophagy or an efficient dynein dependent retrograde transport system results in a buildup of aggregated proteins and dysfunctional organelles in the cell which is a driving feature of neurodegeneration (Hafezparast et al., 2003; Hara et al., 2006) .
Owing to its ability to bind either directly to the proteasome, through its PB1 domain or to the autophagic precursor LC3, through its LIR domain, the multimeric protein SQSTM1 (also known as p62) has been implicated in protein degradation pathways. Recently, SQSTM1 has also been implicated in mitochondrial homeostasis and microtubule network equilibrium (Yan et al., 2013) . Importantly, substantial evidence indicates that SQSTM1 levels are directly associated with protein aggregation in multiple neurodegenerative diseases (Kuusisto et al., 2001; Zatloukal et al., 2002; Nagaoka et al., 2004; Mizuno et al., 2006) . Aggregates analyzed in plaques from brains of Alzheimer's disease patients or in Lewy bodies from Parkinson's disease samples contain SQSTM1 as a major constituent (Kuusisto et al., 2001; Nakaso et al., 2004) . Removal of SQSTM1 results in increased aggregate formation in the cell, whereas overexpression of SQSTM1 results in increased aggregate clearance (Paine et al., 2005) leading to the proposal that SQSTM1 can function in garbage packing for the eventual disposal of toxic proteins (Moscat and Diaz-Meco, 2009 ). SQSTM1 is also involved in the elimination of defective mitochondria through modulation of Parkin-and PINK1-mediated mitochondrial clearance (Geisler et al., 2010) . Taken together, it is clear that SQSTM1 is involved in multiple cellular events including cellular aggregation, dysfunctional organelle removal and neurodegenerative-diseaserelated cellular responses.
The potential for an overlap in function between SQSTM1 and dynein is intriguing. However, there has never been evidence of direct interaction between the two proteins reported despite the existence of circumstantial links. BAG3, a member of the Bcl-2-associated athanogen family, associates with the members of the HSP70 chaperone family to sequester misfolded proteins to autophagosomes in a SQSTM1-dependent manner that is reliant on dynein motor complexes for transport along microtubules (Behl, 2011) . In addition, microtubule remodeling is associated with ATG12 colocalization with SQSTM1 in autolysosomes in a dynactin-dynein-dependent manner (Nunes et al., 2013) . Although these studies place SQSTM1 and dynein in juxtaposition to each other during protein clearance, no study to date has addressed the potential for direct interaction between SQSTM1 and dynein.
With this in mind, we wished to investigate whether SQSTM1 and dynein interact themselves and whether SQSTM1 can somehow affect the normal function of dynein. Our results indicate that SQSTM1 is involved in, but is not solely responsible nor necessary for, formation of a complex between aggregated proteins and dynein. We report that SQSTM1 does, however, play a newly identified role in dynein function and motility of dynein cargoes.
RESULTS

SQSTM1 interacts with dynein
Aggresome formation is regulated by the motor protein dynein (Ouyang et al., 2012) with aggregated proteins being transported along microtubules to juxtanuclear positions for autophagic clearance. Two dynein subunits, intermediate chains 1 and 2 (DIC1 and DIC2, also known as DYNC1I1 and DYNC1I2) have been implicated in dynein binding to both aggregated proteins (Xu et al., 2013) and cellular organelles (Pfister et al., 2006; Mitchell et al., 2012) for retrograde transport to aggresomes. The adaptor protein SQSTM1 (Okatsu et al., 2010) has also been implicated in aggresome formation by contributing to the transport of both ubiquitylated (Behl, 2011) and nonubiquitylated proteins (Watanabe and Tanaka, 2011) . As these two proteins are both intimately involved in protein trafficking of ubiquitylated cargoes, we reasoned that some form of direct or indirect interaction was plausible.
To test for a general interaction, human embryonic kidney (HEK) cells were transfected with Myc-tagged SQSTM1, following which DICs were immunoprecipitated. The exogenous protein was found to associate with endogenous DICs in transfected cells (Fig. 1A) . Wild-type (WT) and p62KO (i.e. SQSTM1-null) mouse embryonic fibroblast (MEF) cells were then immunoprecipitated for DICs and endogenous protein interactions examined. Misfolding protein stress was induced in the cell by MG132 treatment and detected by immunoblotting with antibody against K63-linked ubiquitin (K63Ub). SQSTM1 has been shown to provide a platform for predominantly K63-linked ubiquitylation to occur (Ramesh Babu et al., 2008) . Endogenous SQSTM1 was seen to associate with DICs at basal levels. However, this association significantly increased when misfolding stress was applied to the cells (Fig. 1B) . It should be noted that there was an increase in the amount of SQSTM1 protein in the cell after treatment with MG132; however, the association of this larger pool of protein with DICs was more than the overall increase observed in cell lysates, indicating a drive towards protein-protein interaction and not simply an increased basal amount of available protein. Levels of K63Ub-tagged proteins associated with DICs increased slightly in transgenic knockout cells, indicative of the increased stress induced by lack of SQSTM1 and that misfolded proteins can interact with the dynein motor in the absence of SQSTM1. In addition, the interaction between K63-ubiquitylated protein and DICs increased with MG132 treatment in a manner independent of SQSTM1. Both WT and p62KO cells showed a similar increase in K63Ub interaction with DICs upon the application of cellular stress.
SQSTM1 interaction with DICs is independent of HDAC6
It has been shown previously that the histone deacetylase HDAC6 directly interacts with dynein as an adaptor for loading of ubiquitylated cargos (Kawaguchi et al., 2003) . We have recently demonstrated that HDAC6 also binds to SQSTM1 (Yan et al., 2013) . We reasoned that because HDAC6 and SQSTM1 are both involved with dynein and ubiquitylated cargoes, that HDAC6 could be required for our observed SQSTM1-DIC association. If this were correct, we hypothesized that by removing HDAC6, we would see a corresponding decrease in SQSTM1 interaction with DICs. HDAC6 protein expression was knocked down in WT MEF cells using specific HDAC6 siRNA. However, our results were opposite of expectations. Knockdown of HDAC6 actually resulted in an increased association of SQSTM1 with dynein motor protein, even in the absence of induced cellular stress (Fig. 1C) . These results provided strong evidence that when HDAC6 was reduced or absent, the interaction between SQSTM1 and DIC actually increased, suggesting that there is competition between the two proteins for binding to DICs (i.e. that they share an overlapping binding site on DICs). We concluded from these results that the SQSTM1-DIC interaction we observed was not dependent on HDAC6 and could thus be a direct interaction.
Identification of a specific binding domain in SQSTM1 that interacts with dynein As SQSTM1 can interact with DIC in an HDAC6-independent fashion, we next hypothesized that this interaction could be by specific binding of the two proteins. To examine this possibility and to potentially map the location of any interaction site, SQSTM1 HA-tagged deletion constructs ( Fig. 2A) were transfected into HEK cells and DIC was immunoprecipitated. Specific interaction of exogenous SQSTM1 constructs with DIC was observed only when the region between amino acids 163 and 229 of SQSTM1 was present in the construct (Fig. 2B ). This is suggestive of a possible dynein-interacting domain located between the ZZ domain and the TRAF6-binding domain of SQSTM1.
A random overlapping design was used to identify possible interaction sites within this defined dynein binding area in SQSTM1. Peptides of approximate 15-mer length were generated with a TAT-conjugated N-terminal sequence to aid in cell permeability (Nakielny and Dreyfuss, 1999; Pan et al., 2012) and used in an in vitro GST-pulldown assay to assess their ability to interfere with direct SQSTM1-DIC interaction (M.L.S., unpublished data). A potential binding domain was located in the peptide (E 177 GFSHSRWLRKVKHGHF 194 ). Addition of this peptide in a pulldown assay prevented the interaction of agarosebound GST-tagged SQSTM1 with DICs from HEK whole-cell lysates. Interestingly, dynein interaction with SQSTM1 was specifically inhibited, whereas the interaction with the motor protein kinesin was unaffected (Fig. 3A) .
To confirm the specificity of the peptide to inhibit the dynein-SQSTM1 interaction, it was necessary to eliminate the availability of any co-binding factors present in the cell lysate. Agarose-bound bacterially expressed GST-tagged SQSTM1 was allowed to interact with commercially available purified DIC1 and DIC2 (Fig. 3B ). GST-SQSTM1 bound both DIC1 and DIC2 in an in vitro assay. The binding domain inhibitory peptide was successful in preventing the binding of purified DICs with GST-SQSTM1, whereas a random peptide of equal length did not abrogate DIC association with GST-SQSTM1. It should also be noted that DIC2 appeared to show a greater level of interaction with GST-SQSTM1 compared to DIC1. Whether this indicates a preferred SQSTM1-binding site in DIC2 remains to be investigated. In summary, this is the first evidence for direct binding of DICs to SQSTM1.
The cell-permeable peptide was then added to WT MEF cells in culture to examine potential in vivo effects. Cells were treated with MG132 to initiate misfolding protein stress and proteins associated with DICs were immunoprecipitated. An increased concentration of competitive peptide decreased the amount of SQSTM1 that interacted with DICs ( Fig. 3B ) at the same concentration (100 mM) seen in the in vitro assay. Taken together, these data support the conclusion that SQSTM1 is capable of binding directly with DICs both in vitro and in vivo. Interaction between GST-SQSTM1 and DICs was specifically inhibited by a DIC peptide against a potential dynein-binding domain of SQSTM1 located at amino acids 163-229. Increasing peptide concentrations added to the pulldown assay were 0 mM, 50 mM and 100 mM. GST-SQSTM1 addition to the assay was assessed by using a GST-specific antibody, and equal lysate addition to the assay is indicated by actin staining. (B) The interaction between GST-SQSTM1 and purified DICs was examined by an in vitro assay. Purified DIC1 and DIC2 were incubated with GST-SQSTM1 in the absence or presence of either inhibitory peptide (50 mM, Dyn pep) or random peptide (50 mM, Ran pep) and binding assessed with the anti-DIC antibody. Inhibitory peptide prevented the interaction between DIC1 or DIC2 and GST-SQSTM1, whereas the random peptide had no effect. Specificity of DIC interaction with SQSTM1 is shown by the lack of binding of DIC to glutathione beads themselves. (C) In vivo interaction between SQSTM1 and dynein was examined by immunoprecipitation with the anti-DIC antibody. Addition of the cell-permeable DIC peptide against the dynein-binding domain of SQSTM1 to WT MEF cells in culture prior to immunoprecipitation resulted in inhibition of the interaction between SQSTM1 and dynein. Peptide concentrations were the same as indicated in A.
Dynein motor protein function is impaired in the absence of SQSTM1
Having established that SQSTM1 can bind directly with DIC, we next examined what effect, if any, this interaction might have on dynein motor transport function. K63-linked polyubiquitylation of misfolded proteins and their subsequent transport to aggresomes for degradation is a dynein-dependent process (Olzmann et al., 2007; Olzmann and Chin, 2008) . Thus, we reasoned that we could examine the localization of K63-ubiquitylated substrates with dynein in the presence or absence of SQSTM1 to determine whether SQSTM1 was important for dynein functionality. WT and p62KO MEF cells were treated with MG132 for 6 h to allow misfolded proteins to accumulate, or with a combination of MG132 after prior treatment with erythro-9-[3-(2-hydroxynonyl)] adenine (EHNA) to disrupt ATPase-activity-dependent movement with dynein of K63-polyubiquitylated misfolded proteins. Cells were subsequently analyzed by immunofluorescence for colocalization of DICs and K63Ub-marked proteins (Fig. 4) . By using WT and p62KO cells, we were able to specifically look at what role SQSTM1 plays in this process. MG132 treatment resulted in increased colocalization of DICs and K63Ub (seen as yellow cytoplasmic aggregates in merged images) in a SQSTM1-independent manner. Colocalized K63Ub-dynein aggregates (Fig. 4 , yellow arrows indicating colocalized Oregon-Green-labeled dynein and Texas-Red-labeled K63Ub) could be seen to increase around the perinuclear region in WT cells upon misfolding stress with functional dynein trafficking. However, when dynein ATPase activity was disrupted by EHNA treatment, colocalized aggregates of dynein and K63Ub were more prevalently localized in the cytoplasm. Lack of SQSTM1 resulted in increased cytoplasmic colocalization of K63Ub-tagged proteins with dynein motor proteins above those basal levels seen in WT cells. Treatment with stress inducers showed no great difference between WT and p62KO cells. Importantly, we did observe that misfolding stress resulted in an increase in vesicular structures, exemplified by their ovoid morphology (Fig. 4 , white arrows) throughout the treated cells. Importantly, these structures were obvious in untreated p62KO cells, which are already under cellular stress owing to the lack of SQSTM1 (Ramesh Rodriguez et al., 2006) .
We also noted that localization of these vesicles (Fig. 4 , white arrows) was dependent not only on the presence of SQSTM1, but also on the functionality of dynein. In untreated WT MEF cells vesicles were scarce; however, an increase in cytoplasmic vesicles was seen in the absence of SQSTM1. When the distance of these structures from the nucleus of the cell was measured in p62KO cells, vesicles were localized significantly further from the nuclear envelope (5.2160.43 mm) compared to in unstressed WT cells (3.4560.39 mm; Student's t-test54.29, P,0.05, mean6s.e.m.) (Table 1 ). MG132 treatment resulted in perinuclear localization of WT vesicles (1.2660.24 mm) consistent with the operation of a functional retrograde transport system, whereas the absence of SQSTM1 caused vesicles to remain in the cytoplasm of the cell at a distance substantially away from the nucleus (6.9660.98 mm). Treatment with EHNA prior to MG132 resulted in blockage of vesicle movement to the perinuclear region in WT (4.6360.41 mm), whereas there was no change from MG132 treatment alone in p62KO cells (5.4860.58 mm) ( Table 1) .
To confirm that the blockage of vesicle movement was indeed the result of dynein inhibition, WT or p62KO MEF cells were transfected with GFP-p50/dynamitin (also known as dynactin subunit 2, DCTN2) (Fig. 5) . Overexpression of the dynactin subunit p50/dynamitin results in disruption of the dynactin complex thereby inhibiting dynein motility (Burkhardt et al., 1997; Engelke et al., 2011) . When p50/dynamitin was expressed in WT cells, there was a marked visual increase in vesicle formation scattered throughout the cytoplasm over what was seen in non-transfected WT cells. The prevalence and distance of these vesicles from the nuclear envelope (4.3460.85 mm) was consistent with that reported above in p62KO cells (6.8161.15 mm). When treated with MG132, there was no substantial difference in number and localization (5.8460.8 mm) compared to untreated cells. p62KO MEF cells overexpressing p50/dynamitin showed no change in vesicle localization (7.8661.52 mm) compared to non-transfected p62KO cells (6.8161.15 mm; Fig. 5 , white arrows point to representative vesicles) (Table 1) . Vesicles were still predominantly localized in the cytoplasmic compartment of the cell. Treatment of transfected cells with MG132, to allow accumulation of misfolded proteins, again showed no difference (7.2360.87 mm) to cells overexpressing p50/dynamitin alone. Vesicles were still predominantly localized away from the perinuclear region and in the cytoplasm of the cells.
In summary, K63-ubiquitylated proteins localized with dynein effectively in the presence or absence of SQSTM1, indicating that SQSTM1 is not required for loading misfolded cargoes to dynein motor proteins. However, localization of vesicle structures away from perinuclear aggresomes in the absence of SQSTM1 clearly indicates a requirement for SQSTM1 in dynein motility.
Dynein transport of late endosomes along degradative pathways is impaired in the absence of SQSTM1
DICs have been implicated in the retrograde transport of Trkcontaining signaling endosomes (Mitchell et al., 2012) . The basic endosomal maturation program begins with endocytosis of cargo from the plasma membrane into endocytic vesicles, which then fuse into early endosomes (Huotari and Helenius, 2011) . These are now recognized as the main sorting facility of the endocytic pathway, and individually have a complex tubular and vacuolar morphology (Zerial and MacBride, 2001) . Late endosomes are derived from the vacuolar regions of early endosomes, through a not completely defined molecular sorting process involving domain switching and under the direction of Rab GTPases (Rink et al., 2005; Vonderheit and Helenius, 2005) . Prior to dissociating from the maturing endosome, the early endosome marker Rab5 is thought to recruit Rab7. Once the Rab7 domain is generated and Rab5 is lost, the mature late endosome is trafficked to the perinuclear region where it fuses with lysosomes in a degradative pathway (Eskelinin, 2008; Kinchen and Ravichandran, 2008; Kerr and Teasdale, 2009) .
Mature late endosomes are typically round or oval in morphology (Huotari and Helenius, 2011) . Based on the round and oval morphology of the vesicles observed in our MEF cells In untreated WT or p62KO MEF cells, colocalization of DICs with the SOD1 A4V mutant was minimal. However, the vesicles we have identified above as late endosomes could still be seen in the cytoplasm of the knockout cells (Fig. 7, yellow arrows) . When SQSTM1 was overexpressed in WT cells, colocalization of dynein-SQSTM1-SOD1-A4V complexes was observed throughout the cell, but notably, large aggregated complexes were found at perinuclear locations (Fig. 7, white arrows) . Induction of misfolded protein stress by MG132 treatment increased the amount of the complex, which was mainly located in regions around the nucleus of the cell (Fig. 7) . It is also worth noting that perinuclear vesicles were again seen with misfolding stress and were localized perinuclearly. Overexpression of SQSTM1 resulted in large protein aggregates throughout the cell, presumably because there was excess SQSTM1 available to contribute to the formation of cellular misfolded protein aggregates. In p62KO cells, where SQSTM1 was restored to the null-background, localization of dynein-SQSTM1-SOD1-A4V complexes was readily seen at perinuclear locations (Fig. 7, white arrows) . Importantly, the presence of late endosome vesicles was markedly reduced compared to their presence in previous experiments (Figs 5 and 6) and those vesicles still present (Fig. 7, yellow arrows) were all now located in the perinuclear region. These results indicate that dynein motility is restored when SQSTM1 is expressed. MG132 treatment of p62KO cells expressing GFP-SQSTM1 caused the same large protein aggregate formation as seen in overexpressing WT cells, as well as perinuclear localization of late endosome vesicles. Restoring expression of SQSTM1 to the null background rescued the trafficking-deficient phenotype of p62KO cells resulting in a phenotype that could not be visually differentiated from WT overexpressing cells.
Taken together, these results indicate that SQSTM1 and DIC functionally associate in MEF cells. By examining dynein cargo transport paradigms, we have shown that SQSTM1 plays an as yet undefined role in the functional working of the dynein motor protein. Although cargo loading does not appear to be significantly inhibited by the loss of SQSTM1, transport of three different dynein cargos to the perinuclear region of the cell along degradative pathways is inhibited by the absence of SQSTM1. Highlighted here is that restoration of SQSTM1 expression to a null background restores dynein functionality and defines a new role for SQSTM1 in the cell.
DISCUSSION
Evidence implicating dynein dysfunction in multiple neurodegenerative diseases is accumulating. However, in most cases, this evidence is largely indirect (Eschbach and Dupuis, 2011) . The accumulation of aggregated, ubiquitylated and misfolded proteins is a hallmark of cellular pathology associated with neurodegenerative disease and represents a general response of eukaryotic cells to the presence of misfolded and non-degraded proteins. Dynein dysfunction leads to defective retrograde transport resulting in decreased mitochondrial transport along axons back to the cell body (Hollenbeck and Saxton, 2005) and decreased signaling endosome transport along microtubules (Rishal and Fainzilber, 2010) . Decreased dynein functionality also leads to the accumulation of amyloid precursor protein (APP), as well as amyloid b (Ab) peptide, which is associated with Alzheimer's disease (Cataldo et al., 2000; Driskell et al., 2007) . Thus dynein is involved in multiple pathways that lead to abnormal neuronal physiology as a result of incomplete processing of misfolded proteins and defective organelles.
Late endosome trafficking along microtubules, which is mediated by dynein motors, from distal processes to the soma of neurons is required for their maintenance and survival (Cai et al., 2010) , and dynein mutation and dysfunction leads to prominent neurodegeneration associated with lack of endosome maturation (Hafezparast et al., 2003; Komatsu et al., 2006) . Previous studies strongly support the hypothesis that SQSTM1 is intimately linked to and is a key modulator of neurodegeneration (Bjørkøy et al., 2009; Du et al., 2009 ). Maturation and clearance of late endosomes depends on proper dynein function. Inhibiting the ATPase activity of dynein leads to a buildup of late endosomes in the cytoplasm of MEFs. As we report here, absence of SQSTM1 leads to an identical phenotypic buildup of late endosomes in the cytoplasm of the cell. Reintroduction of SQSTM1 into knockout cells rescues the defective phenotype, indicating a crucial role for SQSTM1 in completing the maturing and degradative endocytic pathway. Thus, SQSTM1 is integral to dynein functionality. Based on the collective results of our study, we propose a model where SQSTM1 directly interacts with dynein, not affecting its cargo-binding capability, but instead modulating the ATPase-dependent trafficking of the motor protein along microtubules to the degradative centers around the nucleus.
The ability of dynein ability to transport substrates is driven by hydrolysis of ATP in the globular heads of dynein heavy chains (Kon et al., 2005) . We have shown here, with multiple cargoes, that inhibition of the ATPase activity of dynein results in abrogated aggregate and vesicle trafficking. It is thus reasonable that dynein motor complex movement is affected in the absence of SQSTM1 because loss of SQSTM1 leads to decreased ATP levels in MEF cells . Therefore, dynein motor complex processivity could be disrupted by the decreased Fig. 7 . Introduction of SQSTM1 into a null background restores the colocalization of mutant SOD1 A4V and dynein and facilitates aggregate and endosomal trafficking to the perinuclear region. WT and p62KO cells transfected with GFP-SQSTM1 and SOD1 A4V (SODmut) prior to immunostaining for DICs [dynein (IC)] (Cascade Blue) and exogenously expressed SOD1 A4V mutant (Texas Red). Protein misfolding stress was induced with MG132 (5 mM, 6 h). Colocalization of dynein-SQSTM1-SOD1-A4V complexes (white in the merged image) can be seen localized around the nucleus of the cell (indicated by white arrows). Endosomal vesicles are indicated by yellow arrows and are predominantly perinuclear in WT and p62KO MEF cells. Scale bars: 10 mm. levels of ATP available in the cell. Under this hypothesis, SQSTM1 could not only play a direct role in transport by interacting with dynein and dynein cargoes, but also an important indirect role because of its documented influence on ATP production by mitochondria .
HDAC6 and SQSTM1 have both been identified as components of functional aggresomes. HDAC6 binds ubiquitin chains, with a preference for K63-polyubiquitin, through its Cterminal BUZ domain. Either polyubiquitylated substrates or free ubiquitin chains can interact with HDAC6 (Ouyang et al., 2012) . However, in either case, once associated with HDAC6, the polyubiquitylated proteins are relocated to aggresomes through the interaction of HDAC6 with the motor protein dynein. Loss of HDAC6 has been reported to result in the failure to colocalize aggregated proteins to the aggresome for degradation leading to aggregate buildup, neurodegeneration (Ju et al., 2008; Lee et al., 2010) and inclusion body formation (Guthrie and Kraemer, 2011; Richter-Landsberg and Leyk, 2013) . SQSTM1 also binds ubiquitylated substrates, again with a preference for K63-polyubiquitin, through its C-terminal UBA domain. SQSTM1 interacts with the autophagy protein LC3 and is required for autophagosome formation (Pankiv et al., 2007) . In the absence of SQSTM1, autophagic clearance of ubiquitylated substrates is impaired and inclusion bodies are formed throughout the cytoplasm . Lack of SQSTM1 also leads to abrogation of polyubiquitylated protein trafficking to the proteasome for degradation (Seibenhener et al., 2004) . Thus, both proteins appear to be involved in the accumulation and efficient disposal of polyubiquitylated protein aggregates.
In a recent manuscript (Yan et al., 2013) , we reported the existence of a direct interaction between SQSTM1 and HDAC6. Loss of SQSTM1 results in hyperactivation of HDAC6 and deacetylation of a-tubulin and cortactin (Yan et al., 2013) , an integral component of F-actin-remodeling assemblies in quality control autophagy (Lee et al., 2010) . Tubulin acetylation levels are becoming recognized as regulators of microtubule function affecting processes from cell motility to intracellular trafficking (Perdiz et al., 2011) . Here, we expand on this previous work and identify SQSTM1 as not only a regulator of HDAC6-associated microtubule acetylation, but also an dynein-interacting protein involved in trafficking of misfolded proteins and late endosomes to perinuclear degradation centers. An intriguing question is what is the precise arrangement of this dynein-SQSTM1-HDAC6 complex? We outline two potential interaction models in Fig. 8 .
Reciprocal interaction domains found in both SQSTM1 and HDAC6 indicate obvious interaction between these two proteins. Based on current literature (Kawaguchi et al., 2003; Watabe and Nakaki, 2011) , it was natural to conclude that HDAC6 was the dynein-interacting protein of the complex because a dynein-binding domain has previously been identified (Kawaguchi et al., 2003) . Under this model SQSTM1 binds directly to HDAC6 with both being capable of interactions with aggregated polyubiquitylated proteins or other degradative cargoes such as late endosomes (Fig. 8A ). HDAC6 could then bind with dynein, leading to retrograde transport of cargoes to perinuclear degradation centers for disposal. This is consistent with our observation of reduced microtubule transport efficiency. It should also be noted that the absence of SQSTM1 resulted in an increase in the deacetylation activity of HDAC6 (Yan et al., 2013) . The dynamic interplay between acetylation and deacetylation of tubulin subunits of the microtubule has been suggested as a mechanism for motor protein movement along the microtubule (Reed et al., 2006; Dompierre et al., 2007) . It has also been argued that the recruitment of motor proteins to microtubules, leading to vesicular transport, is enhanced by tubulin acetylation (Reed et al., 2006) . This suggests that inhibiting HDAC6 deacetylase activity restores the MTdependent transport mechanisms in neurons by increasing the recruitment of kinesin and dynein and/or dynactin to the more acetylated microtubules (Dompierre et al., 2007) . Therefore, dynein transport could be disrupted in the absence of SQSTM1 because HDAC6 activity is increased, resulting in reduced acetylation of the microtubule network and preventing the recruitment of the motor protein complex. This would suggest that SQSTM1 could play a role in motor protein processivity by preventing the deacetylation of microtubules by HDAC6. Absence of SQSTM1 results in hypo-acetylation of a-tubulin as HDAC6 activity is unregulated and could result in the motor protein mobility along the microtubule being impaired.
Although a mechanism including aggregated proteins and SQSTM1 binding to HDAC6 and then that complex interacting with dynein for transport is plausible, our data here support an alternative model (Fig. 8B) . Based on our results, we favor a model where SQSTM1 can itself interact with the dynein motor protein, not as just a linker to polyubiquitylated cargos and cellular vesicles, but as an associating protein. Our results identify for the first time a dynein-binding domain in SQSTM1 and show specific interaction between these two proteins. Furthermore, it appears that SQSTM1 plays a key role in controlling dynein specific motility. When SQSTM1 is absent from embryonic fibroblasts, endogenous transport of late endosomes and aggregates to aggresomes localized around the juxtanuclear MTOC is impaired. In further support of this, the A4V SOD1 mutant specifically interacts with the dynein motor protein complex for transport to the aggresome, where it colocalizes with c-tubulin, an MTOC marker (Ström et al., 2008) . In p62KO MEF cells, interaction of this mutant protein with dynein was evident (Fig. 7) . However, transport to the perinuclear MTOC region was impaired in the absence of SQSTM1, further strengthening the hypothesis that SQSTM1 is important for dynein functionality. As we have described above, this lack of dynein function could be attributed to decreased ATP levels present in the cell. However, we cannot discount other possibilities for SQSTM1 to control dynein function. What we can support, is that when SQSTM1 is introduced into the knockout null background, mutant SOD1 protein is again trafficked and localized with dynein to the perinuclear MTOC region (Fig. 7) . We can also identify ultrastructure lateendosome-like vesicles localized to this same region when SQSTM1 expression is restored. We conclude from these results that SQSTM1 is an important interaction protein for the dynein motor complex and is required for dynein function.
Phosphorylation of dynein subunits has also been implicated in dynein regulation (Dillman and Pfister, 1994; Lin et al., 1994; Vaughan et al., 2001) , with some examples showing that phosphorylation can inhibit or enhance dynein binding to organelles or some cargoes (Mitchell et al., 2012) . Atypical PKC (aPKC) can phosphorylate DICs, regulating their binding with paxillin, thus controlling the focal adhesion disassembly (Rosse et al., 2012) . Given that SQSTM1 is an interacting partner of aPKC, providing a scaffold for phosphorylation to occur (Puls et al., 1997; Jiang et al., 2009) , it is possible that, in the absence of SQSTM1, dynein motor function is disrupted owing to a lack of phosphorylation. However, this is speculative at this point as dynein motility has not been shown to require PKC phosphorylation. It does, however, open the door to interesting possibilities of motor protein complex functionality.
In reviewing all of the results from this study, we now propose a new model that defines a multifaceted association between SQSTM1, HDAC6 and dynein. It is clear that SQSTM1 and HDAC6 can both directly interact with the motor protein dynein (Fig. 7B) . Interestingly, our data suggest that the interaction sites possibly overlap because knockdown of HDAC6 by siRNA resulted in increased SQSTM1 binding to dynein. Whereas SQSTM1 might indeed play a role in the recruitment of polyubiquitylated aggregates to the dynein motor complex, we have shown here that it is also required for dynein motility. Without SQSTM1, although dynein is still capable of interacting with cargoes for degradation, these cargoes are unable to traffic to degradation centers localized at the MTOC. Whether this is due to changes in the activity of HDAC6 or in the ability of the dynein motor complex itself to be active and move along the microtubule is the subject of further research. However, our findings provide insight into the mechanisms underlying dynein motility and suggest that SQSTM1 plays a newly defined role in clearance of misfolded proteins and cellular organelles.
MATERIALS AND METHODS
Reagents and Antibodies
Lipofectamine 2000 was purchased from Life Technologies (Carlsbald, CA). The Mammalian Transfection kit was from EMD-Millipore, Billerica, MA. INTERFERin reagent was from Polyplus (Berkley, CA). Antibodies were against the following proteins: DIC1/2 (i.e. against both the DICs), Rab7, Myc, HA, GFP and GST (Santa Cruz Biotechnology, Santa Cruz, CA); K63-ubiquitin and FLAG (Cell Signaling, Danvers, MA USA); actin (Sigma-Aldrich, St Louis, MO); SQSTM1 and HDAC6 (Abcam, Cambridge, MA); and kinesin (Chemicon, Temecula, CA). HDAC6 siRNA was from Santa Cruz Biotechnology. MG132 was from ENZO Lifesciences (Farmingdale, NY USA) and EHNA was from EMDMillipore (San Diego, CA USA). Fluorescent secondary antibodies (conjugated to Cascade Blue, Texas Red and Oregon Green) were from Life Technologies (Carlsbad, CA). Synthetic peptide to the SQSTM1 sequence 177-194 was generated by Alpha Diagnostic International (San Antonio, TX). The GFP-p50/dynamitin construct was a generous gift of Richard Vallee, Columbia University, NY.
Cell culture and transfection
Human embryonic kidney (HEK) 293 cells from the American Type Culture Collection were grown as described previously . Transfection was achieved using the Mammalian Cell Transfection Kit following the manufacturer's protocol. Wild type (WT) and p62-knockout (p62KO) mouse embryonic fibroblasts (MEFs) were derived from E13.5 mouse embryos (Durán et al., 2004) and grown in DMEM supplemented with 10% fetal calf serum and antibiotics at 37˚C under high humidity and 5% CO 2 . Transfection of MEF cells was carried out using Lipofectamine 2000 (Life Technologies, Grand Island, NY). Where indicated, MEF cells were transfected with HDAC6 siRNA using the INTERFERin (Polyplus, New York, NY) reagent following the 'insert' instructions.
Immunoprecipitation and western blot analysis
Either HEK or MEF cells were lysed on tissue culture plates on ice with Triton lysis buffer (TLB; 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 10 mM NaF, 1 mM Na 3 VO 4 , 0.5% Triton X-100, 10 mg/ml leupeptin, 10 mg/ml aprotinin and 1 mM PMSF). Protein amounts were determined by using the Bradford assay. Equal amounts of whole-cell lysate (500 mg) were incubated with 3 mg of appropriate primary antibody for 3 h at 4˚C. IgG conjugated to agarose beads was then added. Immunoprecipitation reactions were allowed to rotate overnight at 4˚C. The immunoprecipitates were then washed five times with TLB. Proteins were released from agarose beads by boiling for 2 min in SDS-PAGE sample buffer and were then separated by 12% SDS-PAGE followed by transfer onto nitrocellulose membrane and western blot analysis with the corresponding antibodies. ECL solution (GE Healthcare, Piscataway, NJ) was used to visualize proteins.
GST-SQSTM1 pulldown assay JM109 E. coli cells transformed with vector to GST-tagged full-length SQSTM1 were induced with isopropyl 1-thio-b-D-galactopyranoside and lysed on ice in NETN buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.1% Nonidet P-40, 2 mg/ml aprotinin, 2 mg/ml leupeptin and 1 mM phenylmethylsulfonyl fluoride). The GST-tagged SQSTM1 was bound to glutathione-agarose beads overnight at 4˚C followed by washing five times with NETN buffer. Captured protein on agarose beads was washed three times with NETN buffer prior to use. For pulldown assays, 3.5 mg of GST-SQSTM1 was added to 500 mg of MEF cell lysates and rotated for 2 h. Beads were subsequently washed three times with binding buffer and SDS-PAGE sample buffer was added. Proteins were separated by 10% SDS-PAGE and analyzed by western blotting as described above. For purified dynein interaction experiments, 3.5 mg of GST-SQSTM1 was rotated for 1 h at 4˚C with 50 mM inhibitory or random peptide (LEQALSMGPSDEGFWLS) in ten volumes of TEN buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl and 1 mM EDTA). Purified dynein intermediate chain 1 or 2 (0.3 mg; Abcam, Cambridge, MA) was added and incubation continued as above for 4 h. Glutathione beads were used to confirm the specificity of DIC interaction with SQSTM1. Bound chains were washed three times with TEN prior to the addition of SDS-PAGE sample buffer and proteins separated by 10% SDS-PAGE. Bound DIC was identified by western blotting with anti-DIC1/2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA), whereas GST-SQSTM1 was recognized using anti-SQSTM1 antibody (Abcam, Cambridge, MA). Equal loading of beads was confirmed by silver staining (Pierce Biotechnology, Rockford, IL).
Immunofluorescence
Wild type (WT) and p62KO MEF cells were grown on coverslips coated with poly-D-lysine and rat tail collagen (3:1) in 24-well plates and treated with 5 mM MG132 for 6 h and 500 mM EHNA for 8 h as described in the figure legends. MEF cells were washed with phosphate-buffered saline (PBS), followed by fixation with freshly made warm 4% paraformaldehyde in PBS. Permeabilization was in 0.1% Triton X-100 in PBS for 15 min prior to blocking with 3% milk in PBS for 1 h at room temperature. Endogenous proteins were detected with specific antibody in blocking solution overnight at 4˚C. Following removal of primary antibody by washing three times with PBS, fluorescently tagged secondary antibody was added in blocking solution for 1 h at room temperature. Cells were washed a total of five times with PBS prior to mounting on slides. Where indicated, cells were transfected with construct for specific protein expression as described above. Fluorescently tagged proteins were analyzed with a 606 oil immersion lens on a Nikon A1/T1 confocal microscope and images were processed employing NIS Elements Software (Nikon, Melville, NY).
For analysis of vesicle distance from the perinuclear region, 20 individual cells, identified as the most representative samples, from each cell line and treatment panel were blinded to the individual doing the analysis and used to determine distance of vesicles from the perinuclear region using the Nikon Elements Software AR package 3.22.13 (Build 730). Briefly, a simple line measurement was taken from the nuclear envelope to the approximate center of each easily identifiable vesicle in the panel. Each panel was automatically calibrated by the microscope software as the cell was being imaged. Data was exported into Microsoft EXCEL 2010 for analysis of mean6s.e.m. Comparison of measurements for each figure is presented in Table 1 .
